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GermplasmUtilizationin BeefCattle
--- __' Uh h__.
KeithE.Gregory,LarryV.Cundiff,RobertM.Koch,andDonaldD.Lunstra'
Introduction
Heterosisachievedthroughcontinuouscrossbreeding
can be used to increaseweightof calf weanedper cow
exposedto breedingby20%. Comprehensiveprogramsof
breed characterizationhave revealed large differences
amongbreedsfor mostbioeconomictraits. About55% of
the U.S. beef breedingpopulationinvolving93% of the
farmersand rancherswho producebeefcattleare in pro-
ductionunitsof 100or fewercows. Optimumcrossbreeding
systemsare difficulto adaptin herdsthatuse fewerthan
four bulls. Further, fluctuation in breed composition
betweengenerationsin rotationalcrossbreedingsystems
can resultin considerablevariationamongbothcows and
calvesin levelof performancefor majorbioeconomictraits
unless breeds used in the rotationare similar in perfor-
mancecharacteristics.Use of breedswithsimilarperfor-
mancecharacteristicsrestrictstheusethatcanbe madeof
breeddifferencesin averagegeneticmeritto meetrequire-
mentsfor specificproduction- marketingsituations. The
potentialof compositebreedsas an alternativeto continu-
ous crossbreedingfor usingheterosisandfor usinggenetic
differencesamongbreedsto achieveandmaintaina more
optimumadditivegenetic(breed)composition eededto be
investigatedin a comprehensivexperiment.The primary
objectiveof thisexperimentwasto estimatetheretentionof
combinedindividualand maternalheterosisin advanced
generationsof interS9matedcompositepopulationsestab-
lishedwith contributionsfromeitherfour or five breeds.
Retentionof initial(F1) heterozygosityaftercrossingand
subsequentrandom(interS9)matingwithincrossesis pro-
portionalto (n-1)/nwhenn breedscontributeequallyto the
foundation.Whenbreedsusedin thefoundationof a com-
positebreeddo notcontributeequally,percentageof mean
F1 heterozygosityretainedis proportional
n
to 1 -~ Pi2, where Pi is the fraction of each of n contributing
i
breedsto thefoundationofa compositebreed. This lossof
heterozygosityoccursbetweenthe F1 and F2 generations,
andif inbreedingis avoided,furtherlossof heterozygosityin
interS9matedpopulationsdoesnotoccur. A primaryques-
tionin thisexperimentwas theextentto whichretentionof
heterosisin compositepopulationsis proportionalto reten-
tionofheterozygosity.
Procedure
Populations.Matingsweremadeto establishthreecom-
positepopulations(MARC I, MARC II, and MARC III) as
indicatedby Table 1. In thisexperimenthe F1 is defined
as thefirstgenerationthatreflectsthefinalbreedcomposi-
tionofa compositepopulation.As indicatedbyTable1, F1'
F2' and F3 generationswere matedinterS9 to produce,
respectively, F2' F3' and F4 generation progeny.
Compositepopulationswere onginally formedfromthe
samesiresanddamsthatwererepresentedintheninecon-
tributingparentalbreedsreflectedbyTable1. The numbers
of sires used and individualsborn in each year for each
contributingpurebreedand for each generationof each
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compositepopulationare providedby Table 2. Retained
heterozygosityrelativeto F1 generationfor differentmating
typesandestimatedincreasein cowproductivityassuming
retainedheterosisto be proportionalto retainedheterozy-
gosityis showninTable3.
Contributingpurebredcontemporarieshavebeen main-
tainedfor Pinzgauersince 1982and for all otherbreeds
producedin 1980,7/8 Pinzgauer(purebredfor femaleani-
mals in breedregistry)wereproducedin 1982,and 15/16
Pinzgauer (purebredfor registryof male animals)have
been producedsince 1984. Pinzgauerfemales(7/8)pro-
ducing (15/16)Pinzgauer progenywere includedin the
analyses.
The Braunviehpopulationaveragesbetween3/4and7/8
Braunviehandwas establishedby usingsemenfromnine
Braunviehsires originatingin Switzerlandandthe Federal
Republicof Germany(Bavaria)on a foundationof purebred
(registeredandunregistered)BrownSwisscows. The cows
wereobtainedfromdairyherdsinWisconsinandMinnesota
as calves in 1967and 1968. The breedsubstitutionfrom
BrownSwissto Braunviehstartedin 1969. The Simmental,
Limousin,Gelbvieh,and Pinzgauerpopulationswereestab-
lishedbymating20or moresiresofeachbreedto purebred
damsfromthesameHerefordandAnguspopulationsused
in the experiment(exceptas noted)followedby repeated
backcrossingtothefourbreedsof sire. Grade-upprograms
to thesebreedsstartedat the U.S. MeatAnimalResearch
Centerin 1969forSimmental,in 1970for Limousin,in 1975
for Gelbvieh,and in 1977for Pinzgauer. A sampleof 3/4
Gelbviehdamsbredto produce7/8Gelbviehprogenywas
purchasedtoaugmentheGelbviehpopulationin1977.The
femaleshadbeengradedup froma femalepopulationof
Charolaisx Anguswiththe samesampleof Gelbviehsires
used in the Gelbviehgrade-upprogramat the Research
Center. The Charolaispopulationwas establishedprimarily
withthepurchaseof registeredpurebredCharolaisdamsin
1977andwas augmentedby Charolaisgraded-upfroman
Angusx Herefordbase at the ResearchCenterstartingin
1967. Charolaissiresweresampledfroma broadgenetic
base. The Red Pollpopulationwas establishedfromregis-
tereddamspurchasedfromseveralsourcesin 1966,1967,
and 1968withsires sampledfroma broadgeneticbase.
The HerefordandAngusbreedshavebeenmaintainedas
closedpopulations(exceptas noted)sinceabout1960. A
sampleof Herefordsiresanddamswas addedin 1966,but
this sampledid not produceany maleprogenythatwere
usedto maintainthepopulation.A sampleof Angussires
was introducedin 1967and1968,butnomaleprogenypro-
ducedfromthesematingswereusedto maintainthepopula-
tion. Siresusedto maintainthe purebredpopulationswere
descendedfrommalesandfemalesused in thefoundation
of the compositepopulationto which a purebreedcon-
tributed.The purebredshavebeenmaintainedas registered
populationsrecordedin the appropriateHerd Book of a
breedrecordsociety.The dataincludedin thisstudyrepre-
sent the progenyof from37 to 78 sires of each parental
breedand14or moresiresineachgenerationofeachcom-
positepopulation(Table2).
MatingProcedure.All yearlingheiferswereexposedby
naturalserviceto yearlingbulls(exceptas noted)fora mat-
ingseasonof42 days. Since1987in Limousinand1988in
Herefords,bulls2 ormoreyroldhavebeenusedonyearling
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heifers because of late pubertyin both sexes of these
breeds. Dams 2 or moreyr old werematedby AI for 28
daysfollowedby natural-servicexposurefor28 daysfor a
matingseasonof 56 days. More than80% of sires have
beenusedin2 ormoreyr. From1978until1984,themating
season for yearling heifers was from mid-May until late June
and for dams 2 or more yr old was from the first of June until
late July. Since 1985, the matingseason for yearlingheifers
has been from late May untilnear mid-July and for dams 2 or
more yr old has been from mid-June until near mid-August.
This adjustmentof about 2 wk in matingand calving season
was made to allow greater synchrony of breeding and calv-
ing with nutritive and climatic environment. Nonpregnant
animals were retained in all breed groups, unless they were
nonpregnant in two successive years, until 1985. Since
1985, all nonpregnant animals have been removed each
year from all breed groups. Nonperformance criteria, such
as age, color, and extremes in skeletal size, have been used
to remove excess cows to maintainpopulationsize for each
breed group. No females have been removed from the pro-
ject before exposure to breeding. An attempt has been
made to maintaina similar age distributionof dams in each
breed group. The F4 generationof each composite popula-
tionwasremovedfromtheexperimentatanageof 1 yr
because further loss of heterosis is not expected beyond F;3
generationprogeny (Table 1). G,eneticexpectationsfor indI-
vidual and maternalheterosis (HI + Hm) for each generation
of each compositepopulationare presented in Table 1.
Dams in each breed group were assigned to sires on a
stratified random basis within ages. Half-sib or closer mat-
ings were avoided.
The same basic criteria have been used to identify bulls
for breeding use in all populations. The intent has been to
avoid extremes in regard to weight, condition, and muscular
and skeletal anatomy. Avoiding dystocia has been consid-
ered in identifyingbulls for use in all breed groups. Larger
scrotal circumference also has been favored, particularly in
breedsthatarelateto reachpuberty(i.e.,Herefordand
Limousin).Pollednessandcolorpatternsof redor redwith
whitemarkingshave been preferredfor bulls used in all
generationsof eachcompositepopulation.An effortwas
made to maintain a broad pedigree base in all breed
groups.Geneticdefectsin somebreedgroups(Le.,"double
muscling" in Gelbvieh, MARC I, and MARC II; "parrot
mouth" in Gelbvieh and Braunvieh; malocclusion in
Hereford,Angus, and Simmental;hydrocephalusin Red
Poll and MARC III; and ataxia in Simmental)resultedin
somecompromiseof pedigreebreadthby avoidingcarriers
orcloserelativesof carriers.
Managementof Heifersand Cows. Generally,female
populationswere fed and managedconsistentwith their
requirementsto maintainbreedgroupsin similarcondition.
The generalplanwas to groupfemalesin threefullyinte-
gratedmanagementunitsundertheday-to-daysupervision
of an operationscoordinatorwhohadoperationalresponsi-
bilityforthisproject.Whena compositepopulationand its
contributingparentalbreedshadsimilarfeedandmanage-
ment requirements they were grouped and managed
together: all generations of composite MARC I and
Braunvieh,Charolais,and Limousin(ManagementGroup
1); all generationsof compositeMARC II and Simmental,
Gelbvieh,and Pinzgauer (ManagementGroup2); andall
generationsof compositeMARC III and Hereford,Angus,
and Red Poll (ManagementGroup3). The onlydeviation
fromthis practicewas duringthe 28-daynaturalservice
matingseason when all dams were in single-siremating
pastures.The Pinzgauerfemalesweremanagedwithcom-
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positeMARC II for two reasons: the threemanagement
groupshadto containsimilarnumbersof animalsand the
feedand managementrequirementsof Pinzgauerfemales
are similar to those of Simmentaland Gelbvieh. Even
thoughthepopulationsweregroupedinthethreemanage-
mentgroups,effortsweremadeto applyuniformmanage-
mentprotocolsamongthethreeunits. Typesof improved
pastures(cool-andwarm-seasongrasses),winterfeeding
programs,and all basic managementpracticeswere the
sameandwereprovidedconsistentwithrequirements.The
siteswerecontiguousandwerewithoutboundaries(Le.,dif-
ferentmanagementgroupsusedthesamepasturesat dif-
ferenttimes). All groupsreceivedthe samefeed butthe
amountswerevariedto beconsistentwithrequirements.
Two-year-old amswerefeda mixtureof cornsilageand
alfalfahaylagealongwith alfalfaand grass hay, starting
from2 to 3 mobeforecalvingandcontinuinguntilpastures
wereadequateto meettheirrequirements,whichwas usu-
allyinmid-to lateApril. All olderfemaleswerefedmixtures
of alfalfaandgrasshayto meetnutritiverequirements,usu-
allyfromNovemberuntilmid-to lateApril. After1986,eco-
nomicconsiderationsfavoredfeedingtheseanimalslimited
quantitiesof cornsilageand alfalfahaylageduringwinter
feeding.
Feeding YoungHeifersand YoungBulls. Calveswere
weanedat an averageage of 180days. Meanbirthdate
was April 7 and calves were weaned the first week of
Octoberin mostyears. Afteran adjustmentfeedingperiod
(28days),heiferswerefeddietscomposedof cornsilage,
alfalfahaylage,and protein-mineral-vitaminsupplementin
varying proportionsand lengths of time, dependingon
weatherconditionsandweightgainsofheifers:1)Period1,
2.34 Mcalof ME/kgof DM, 11.62%CP; 2) Period2, 2.24
Mcal of ME/kg of DM, 12.34%CP; and 3) Period3, 2.18
Mcalof ME/kgof DM, 11.70%CPo Heiferswerefed these
dietsuntiltheywereplacedon improvedcool-seasongrass
pasturefrommid-to lateApril,dependingon adequacyto
meetnutritiverequirements.The threetimeperiodswereof
approximatelyequallength. Afteran adjustmentperiodof
28 daysafterweaning,intactmaleswere fed a dietcom-
posedof cornsilage,rolledcorn,and protein-mineral-vita-
minsupplement(2.69Mcal ME/kgof DM, 12.88%CP) for
140days.
Data Collection. Calves were weighedat birth,at the
middleof thebreedingseason(endof AI matingperiod),at
weaning,and 28, 84, 140, and 168 days postweaning.
Yearlingheiferswereweighedat thebeginningandendof
the matingseasonandwhentheywerepalpatedfor preg-
nancy. Thereafter,femaleanimalswere weighed,mea-
sured for height, and scored for condition three times each
year (before calving, at the start of the breeding season,
and when they were palpated for pregnancy in late October
and early November). Observations of estrus were made in
yearling heifers starting about March 1 and continuing until
the start of the mating season. Yearling heifers were pal-
pated for pregnancy determination per rectum about 2 mo
after the end of the matingseason and animals 2 or more yr
old were palpatedabout 1 mo aftercalves were weaned.
Calving difficultywas subjectivelyevaluated using descrip-
tive scores; Le., 1 =no difficulty,2 = littledifficultyby hand, 3
= littledifficultywith calf jack, 4 = slight difficultywith a calf
jack, 5 =moderatedifficultywith calf jack, 6 = major difficulty
with calf jack, 7 =caesarean birthand 8 = abnormalpresen-
tation. Percentage calving difficultywas analyzed (scores 1
and 2 = 0; scores 3, 4, 5, 6 and 7 = 1; and scores of 8 were
excluded from analyses). Scores of 8 also were excluded
from analysis of calvingdifficultyscore.
Analysisof Data. Datawereanalyzedby leastsquares
mixedmodelprocedures. The modelsincludedthe fixed
effectsof breedgroup,year,age of dam,and otherfixed
effects as appropriate. Sire within breed group was
includedin all modelsfor analysisof all traitsas a random
effect. Linearfunctionsof meansfor parentalbreedsand
for each generationof each compositepopulationwere
computedto estimateretainedheterosis.Retainedhetero-
sis wasestimatedfromthemeanof a compositepopulation
minusthemeanof thecontributingpurebreedsweightedby
theircontribution(1/4or 1/8)to the compositepopulation.
Sirewithinbreedgroupmeansquarewas usedas theerror
term for linear contrasts to estimateretainedheterosis
effects.
Results
Heterosis for GrowthTraitsin Both Sexes. Heterosis
effectsfor birthweight,200-dayweight,368-dayweight,
368-day height, 368-day condition score and 368-day
musclingscore (malesonly)wereevaluatedseparatelyfor
eachsex in F1' F2 andcombinedF3 andF4 generationsin
the three composite populations (Tables 4 and 5).
Combinedindividualandmaternalheterosiswas significant
in theF1' F2 andcombinedF3 andF4 generationsforeach
compositepopulationand for the meanof the threecom-
positepopulationsinbothsexesformostof thetraitsevalu-
ated. TherewaslittlereductioninheterosisbetweentheF1
and F2 generationsor betweenthe F2 generationandthe
combinedF3 andF4 generations.Inbothsexes,meanhet-
erosisretainedincombinedF3 andF4 generationswassig-
nificantly greater than genetic expectation based on
retainedheterozygosityfor birthweightand for 368-day
weight,butdid notdiffer(P >.05)fromgeneticexpectation
for othertraits. These resultssupportthe hypothesisthat
heterosisincattlefortraitsrelatedto growthandsize is due
todominanceeffectsofgenes(Tables4 and5).
HeterosisforPubertyTraitsinFemalesandScrotalTraits
of Males. Heterosiseffectswereevaluatedin F1, F2' and
F3 generationsof femalesand in the F1' F2 andcombined
F3 andF4 generationsof malesinthethreecompositepop-
ulations. Traits includedpercentageof femalesreaching
pubertyat 368, 410, and 452 days, adjustedage, and
adjustedweightat pubertyand scrotalcircumferenceof
males(Table6). Heterosiswas significantfor mostmea-
suresof pubertyineachgenerationof eachcompositepop-
ulationandforthemeanof thethreecompositepopulations.
Althoughresultsare not presented,heterosisfor age at
pubertywas largelyindependentof heterosiseffectson
368-dayweight.
Heterosiswas significantfor scrotalcircumferencein
eachgenerationof eachcompositepopulationandfor the
meanof thethreecompositepopulations.Heterosiseffects
on scrotalcircumferenceare mediatedboththroughhetero-
sis effectson growthrateandthroughfactorsthatareinde-
pendentof growthrate. Therewas closeagreementinhet-
erosisobservedfor pubertytraitsin femalesandfor scrotal
circumferencein malesandgeneticexpectationbasedon
retainedheterozygosity.Theseresultssupporthehypothe-
sis thatpubertytraitsin femalesandscrotalcircumference
inmalesis duetodominance ffectsofgenes(Table6).
Heterosis for Birth Weight,Birth Date, Dystocia and
Survivalas TraitsofDam. Heterosiseffectswereevaluated
as traitsof the dam in F2 progenyof F1 damsand com-
binedF3 and F4 progenyof combinedF~and F3 damsin
the three compositepopulations. Traits included birth
weight,birthdate(Julian),percentagecalvingdifficulty,and
percentagesurvivalat birth,72 hr, and at weaning(Table
----
7). Effectsof heterosisweresignificantfor birthweightfor
eachgenerationof eachcompositepopulationand for the
meanof the threecompositepopulations.Generally,het-
erosiseffectsfor percentagecalvingdifficultywerenotsig-
nificant. Effectsof heterosiswere significantfor date of
birth(earlier)foreachgenerationofeachcompositepopula-
tion andfor the meanof the threecompositepopulations.
Heterosiseffectson percentagesurvivalto weaningwere
positive but generally were not significant. Heterosis
retainedforbirthweight,birthdate,andpercentagesurvival
incombinedF3 andF4 generationprogenyof combinedF2
andF3 generationdamsdidnotdiffer(P >.05)fromexpec-
tationbasedonretainedheterozygosity.Theseresultssup-
portthehypothesisthatheterosisin cattleforthesetraitsis
theresultofdominance ffectsofgenes(Table7).
Heterosis for Reproductionand Maternal Traits. Heterosis
effects in F1 generationdams producing F2 generationprog-
eny and retained heterosis in combined F2 and F3 genera-
tion dams producing F3 and F4 generation progeny were
evaluated. Traits included percentage pregnant,percentage
calf crop born, percentage calf crop weaned, 200-day calf
weight per female exposed, and 200-day calf weight (Table
8). Also, breed group means and estimates of heterosis of
calf crop born based on females palpated pregnant are p're-
sented in Tables 9 and 10. Heterosis effectswere signifiaant
for all traits in F1 generation females producing F2 genera-
tion progenyfor each composite populationand for the mean
of the three composite populations (Table 8). For 200-day
calf weight, heterosis effects were significantfor all genera-
tions of each composite population and for the mean of the
three composite populations. For 200-day calf weight, het-
erosis retainedfor the composite MARC II populationand for
the mean of the three composite populationswas greater (P
< .01) than genetic expectationbased on retained heterozy-
gosity.
Heterosiseffectsfor reproductivetraitsin F1 generation
damsproducingF2 generationprogenywere less in com-
positepopulationsMARC II andMARC III thanincomposite
populationMARC I. In compositepopulationsMARC I and
MARC II, heterosisretainedfor reproductivetraitsin com-
bined F2 and F3 generationdams producingF3 and F4
progenydid not differfromgeneticexpectationbasedon
retainedheterozygosity.IncompositepopulationMARC III,
lossof heterosisfor reproductivetraits,otherthanpercent-
age pregnant,betweenF1 generationdamsproducingF2
generationprogenyand combinedF2 and F3 generation
damsproducingF3 andF4 generationprogeny,wasgreater
thangeneticexpectationbasedon retainedheterozygosity
(Table8). Thisgreaterheterosislossthangeneticexpecta-
tionfor reproductivetraitsbasedon retainedheterozygosity
in composite population MARC III was the result of
increasedfetaldeath loss betweenpregnancydiagnosis
andparturition(Tables9 and10).
In anothermajorexperimentinvolvingAngus,Hereford
and Shortho,rn,we did not findany evidenceof individual
heterosis(HI) for eitherembryonicor fetalsurvivalbutdid
find thatmaternalheterosis(Hm)was importantfor early
embryonicsurvivalbutnotfor fetalsurvivalbetweenpreg-
nancydiagnosisand parturition.Resultsfromthisexperi-
mentdo not indicatean effectof heterosisin eitherthe F1
generationor thecombinedF2 and F3 generationsforfetal
survivalbetweenpregnancydiagnosisand parturitionin
compositepopulationsMARC I and MARC II (Table 10).
Negativerecombinationeffectsare suggestedfor fetalsur-
vival betweenpregnancydiagnosisand parturitionin F1
generationdams5 or moreyr old and in combinedFZ and
F3 generationdamsforthethreeagegroups(Table10).
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For composite population MARC III, the F1 generationas
defined in this experiment was produced by reciprocally
crossing two single crosses (Table 1). One-half of any
losses from the negative effects of recombination of genes
areexpectedin theF1 generationas definedin thisexperi-
ment. The negativeeffectsof recombinationof genesare
generallyconsideredin the contextof assumedheterosis.
However,negativeeffects of recombinationof genes in
descendantsof crossesresultfromlossof favorableepista-
ticgenecombinationsthathaveaccumulatedandaremain-
tainedby eitherdeliberateor naturalselectionina parental
purebreed.Thus,thepresenceof heterosisis notrequired
to explain decreased performance in descendants of
crosses of parentalpurebreedswhen favorableepistatic
gene combinationscontributeto the performanceof the
parentalbreed(s).Theseresultssuggestthatcombinations
of genes withfavorableepistaticeffectson fetal survival
haveevolvedin eitherthe Red Poll or Pinzgauerbreedor
possiblyboth. These combinationsare distinctlydifferent
fromthosethathaveevolvedin Hereford,Angus,or other
breedsthatcontributedto compositeMARC I or MARC II.
The basisforthissuggestionis thattheHerefordandAngus
breeds contribute to all three composite populations,
whereas,theRedPoll andPinzgauerbreedscontributeonly
tocompositeMARC III.
For compositepopulationsMARC I and MARC II, these
resultssupportthe hypothesisthatheterosisfor reproduc-
tiveand maternaltraitsin cattleis the resultof dominance
effectsof genes. The sameconclusioncan be madefor
maternaltraits in compositeMARC III (e.g.,200-daycalf
weight).However,in compositepopulationMARC III these
resultssuggestthatfavorableepistaticgenecombinations
contributeto fetal survivalbetweenpregnancydiagnosis
and parturitionin eitherthe Red Poll or Pinzgauerpure-
breeds,or possiblyin both. Evidencesuggeststhatthese
favorableepistaticgenecombinationsare recombinedin a
mannerthatdoes not resultin a favorableeffecton fetal
survivalin crossesandsubsequentinterS9matingsinvolv-
ingthesebreeds.
HeterosisonActualWeight,AdjustedWeight,HipHeight,
and ConditionScore in Females. Heterosiseffectswere
evaluatedin thethreecompositepopulationsin F1' F2 and
F3 generationseparatelyandcombined.Becausehetero-
sis did notdiffer (P > .05)betweengenerations,onlythe
resultsfromtheanalysisof combined(F1' F2' andF3)gen-
erationsfromtwothroughsevenor moreyr oldfemalesare
presented.Traitsincludedactualweight,weightadjustedto
a commonconditionscore,hip height,andconditionscore
(Table11). The effectsof heterosisweregenerallyimpor-
tant(P <.05)forall traitsin F1' F2' andF3 generationsep-
aratelyand combinedin the threecompositepopulations.
Althoughthe estimatesof heterosison thesetraitsin one-
yr-oldfemalesare not presented,generallythe magnitude
of heterosisobservedat one yeardid notdifferfromthat
observedinfemalesfromtwothroughsevenormoreyrold.
Thus, heterosiseffectson weightdid notchangeafteran
age of one yr. Adjustingweightto a commoncondition
score resultedin an averagereductionof heterosiseffects
on actualweightby aboutone-fourth. Thus, aboutone-
fourthof theeffectsof heterosison weightresultsfromhet-
erosis effectson conditionscore. Althoughestimatesof
heterosisare notpresentedseparatelyforeachof thethree
generationsofeitherone-yr-oldfemalesorfromtwothrough
sevenor moreyr oldfemalesof thethreecompositepopu-
lationsandfromthe meanof the threecompositepopula-
tions,retainedheterosisin the F3 generationdid notdiffer
(P > .05)fromgeneticexpectationbasedon retainedhet-
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erozygosity.Theseresultssupportthehypothesisthathet-
erosisforweight,hipheight,andconditionscoreof females
is theresuhofdominanceeffectsofgenes.
RetainedHeterosisfor Milk Yieldand 200-DayWeight.
Retainedheterosisin F2 generationfemalesnursingF3
generationprogenywas evaluatedin three-,four-,andfive
or moreyroldfemales.Traitsevaluatedincluded12-hrmilk
yield,estimated200-daymilkyield,200-dayweightof prog-
eny,and200-dayweightof progenyadjustedto a common
estimatedmilkyield(Table 12). Milkyieldwas estimated
usingtheweighlnurse/weighprocedureat intervalsof 5 wk
whencalf age averaged8, 13,and 18wk. The effectsof
heterosison milkyieldweresignificantforeachof thecom-
positepopulations.Averageeffectsof retainedheterosisfor
the threecompositepopulationson 12-hrmilkyieldwas
1.48Ib (14.5%)and on 200-dayweightwas 34 Ib (6.9%).
Adjusting200-dayweightof progenyto a commonesti-
mated200-daymilkyieldresultedin meanretainedhetero-
sis in the threecompositepopulationsof 14 Ib suggesting
thatapproximately59% of the retainedheterosiseffects
observedfor 200-dayweightof progenywas accountedfor
throughretainedheterosiseffectsonmilkyield.
GeneticandPhenotypicVariation.Estimatesof heritabil-
ity (h2)and theirstandarderrorsand phenotypicstandard
deviations(aD)were computedseparatelyfor purebreds
combinedana for compositep,ulations combinedfor alltraitsevaluated.Estimatesof h werecomputedusingthe
sirewithinbreed-componentof variance. Phenotypicstan-
dard deviationswere computedby extractingthe square
rootof thesumof thebetweenandwithinsirecomponents
of variance. Generally,thedifferencesbetweenpurebreds
combinedandcompositepopulationscombinedweresmall
and werenotconsistentfor estimatesof bothh2 and ap'
Therewasnotendencyforh2,sorap tobegreaterforcortl-
posite populationscombinedthan for contributingpure-
breedscombined. Thus, greatergeneticand phenotypic
variationexpectedforcompositepopulationscombinedthan
forpurebreedscombinedwasnotobserved.
CompositeBreedFormation
Conceptsand Considerations.The distributionof num-
bers by herdsize in the U.S. beefbreedingherdis as fol-
lows: 35%representedby herdsof 50cowsor fewer;55%
representedbyherdsof 100cowsor fewer,and87%repre-
sentedby herdsof 500 cows or fewer. Further,of farms
and ranchesthathave beefcows, 80% have 50 cows or
fewer,93% have 100cows or fewerand morethan99%
have500cowsorfewer.
With55%of theU.S. beefbreedingherdand93%of the
farms and ranchesthat have beef cows representedby
unitsof 100cowsor fewer,thereareobviouslimitationson
feasibleoptionsfor optimumcrossbreedingsystems. The
limitationsare mostsignificantif femalereplacementsare
producedwithinthe herdand naturalservicebreedingis
used. Further,fluctuationbetweengenerationsin additive
genetic(breed)compositioninbreed-rotationcrossbreeding
systemsrestrictsthe extentto whichbreeddifferencesin
averageadditivegeneticmeritforspecificcharacterscanbe
used to matchclimaticadaptabilityand performancechar-
acteristicsto the climaticand nutritiveenvironmentand
otherresourcesthatmaybe mosteconomicalto provide.
Thus, theformationof compositebreedsbasedon a multi-
breedfoundationis anattractivealternative,or supplement,
to continuouscrossbreedingsystemsto use highlevelsof
heterosison a continuingbasis. Once a new composite
breedis formed,itcanbe managedas a straightbredpopu-
lation, and the management problems that are associated
with small herd size and with fluctuations between genera-
tions in additive genetic (breed) composition in rotational
crossing systems are avoided provided there is a source of
seedstock (bulls) of the composite breed desired.
Retention of initial heterozygosityafter crossing and sub-
sequent random (inter se) mating within the crosses is pro-
portional to (n-1 )/n, where n is the number of breeds
involved in the cross. This loss in heterozygosity occurs
between the Fl and F2 generations. If inbreeding isavoided,furtheross of heterozygosityinan interS8 mated
compositepopulationdoes notoccur. This expression[Le.,
(n-1)/n]assumesequalcontributionof eachbreedused in
the foundationof a compositebreed. Where the breeds
used in the foundationof a compositebreeddo not con-
tributeequally,percentageofmeanF1 heterozygosity
n
retainedis proportionalto 1 - L p2i,wherePi is thefraction
i
of eachof n breedscontributingto thefoundationofa com-
positebreed,e.g.,heterozygosityretainedin a three-breed
compositeformedfrom3/8 breedA, ~/8breegBand 1/4
breed C can be computed as 1 - [(3/8) + (3/8) + (1/4)2]=
65.6%. Obviously,themaximumnumberofbreedsthatcan
be used to contributeto achievingan optimumadditive
genetic(breed)compositionis preferredbecauseretention
of heterozygosityis a functionof the numberof breeds
includedin thefoundation[Le.,(n-1)/n).However,useof a
greaternumberof contributingbreedsshouldbe balanced
againstthepotentialoss inaveragegeneticmeritof includ-
ingthe additionalbreeds. Table3 providesinformationon
level of heterozygosityrelativeto the F1 that is retained
afterequilibriumis reachedfor two-,three-and four-breed
rotationcrossbreedingsystemsand is presentedfor two-,
three-,four-,five-,six-,seven-andeight-breedcomposites,
withbreedscontributingindifferentproportionsinseveralof
the composites.Estimatesof increasein weightproduced
percowexposedto breeding,basedontheassumptionthat
retentionof heterosisis approximatelyproportionalto reten-
tion of heterozygosity,are presentedin Table 3 for each
matingtype.
Existing breeds of cattle are mildlyinbred lines, and
becauseheterosisseemsto resultprimarilyfromthedomi-
nanceeffectsof genes,heterosiscan be accountedfor as
recoveryof accumulatedinbreedingdepressionthathas
occurredin breedssincetheirformation.Deviationof het-
erosis from linearassociationwithheterozygosityresults
fromepistaticeffectsofgenes. For lossoffavorableepista-
tic combinationsthatmayeitherhavebecomefixedor are
maintainedby either natural or deliberate selection in
parentalbreeds,the deviationfromlinearityof loss in het-
erosis with loss in heterozygosityis negative(greater).
However,for lossof unfavorablepistaticcombinationsthat
mayhavebecomefixedthroughchance,thedeviationfrom
linearityof loss inheterosiswithloss inheterozygosityobvi-
ously is likelyto be positive(less). Bothgeneticsituations
mayexist,butthelikelihoodis greaterforfavorablethanfor
unfavorableepistaticcombinationsin parentalbreeds,par-
ticularilyfor fitnesstraits. Also, heterosismaydeviatefrom
heterozygosityin a positivedirectionif a thresholdeffect
(nonlinear)of heterozygosityrelativeto heterosisshould
exist.
Otherthanforcharactersaffectedby naturalor automatic
selection (Le., fitness), the likelihoodis small that fixed
favorableepistaticcombinationsare importantbecauseof
changingselectiongoalsthathavecharacterizedbeefcattle
breeding.
Becauseretentionofheterosisis, generally,linearlyasso-
ciatedwithretentionof heterozygosity,compositebreedfor-
-
mationoffersmuchof the sameopportunityas rotational
crossbreedingforretainingindividualandmaternalheterosis,
in additionto heterosisin malereproductiveperformance
(Table3). Further,compositebreedsoffertheopportunityto
usegeneticdifferencesamongbreedsto achieveandmain-
tainthe performancelevelfor suchtraitsas climaticadapt-
ability,growthrateandsize,carcasscomposition,milkpro-
duction,and age at pubertythatis optimumfor eachof a
widerangeofproductionenvironmentsandto meetdifferent
marketrequirements.Further,compositebreedsprovide
herdsof anysize withan opportunityto use heterosisand
breeddifferencesimultaneously.
A specificcompositebreeddoesnotpermitheuseofdif-
ferentgenotypes(complementarity)for maleand female
parents. However,specializedpaternaland maternalcom-
positebreedsmaybe developedfor use in productionsys-
tems in whichthe productionresourcebase and market
requirementsfavor the exploitationof complementarity.
Between-breedselectionis highlyeffectivefor achieving
and maintainingan optimumadditivegeneticcomposition
(performancelevel)for such specializedbreedsby using
severalbreedsto contributetothefoundationpopulationfor
eachspecializedcompositebreed. There is opportunityto
developgeneralpurposecompositebreedsthroughcareful
selectionof fullycharacterizedcandidatebreedsto achieve
an additive genetic (breed) composition that is better
adaptedto theproductionsituationthanis feasiblethrough
continuouscrossbreedingor throughintrabreedselection.
The maintenanceof effectivepopulationsize sufficiently
largethatthe initialadvantageof increasedheterozygosity
is notdissipatedbyre-inbreedingis essentialforretentionof
heterozygosity(heterosis)in compositebreeds. Thus,the
resourcerequirementfordevelopmentanduse of compos-
itebreedsas seedstockherdsis high,and froman industry
standpointrequiresa highlyviableand creativeseedstock
segment.Earlyre-inbreedinganda smallnumberof inade-
quatelycharacterizedparentalbreedscontributingto the
foundationof compositebreeds have likelybeen major
causesfor limitedsuccessof somepreviouseffortsatcom-
positebreeddevelopment.
For the seedstock segmentthatdevelops composite
breeds,it is suggestedthatthenumberof femalesbeappro-
priatefor the use of not less than25 sires pergeneration.
Use of 25 sires per generationwould result in a rateof
increasein inbreedingof about.5%pergeneration.Withan
averagegenerationintervalof 5 years, the accumulated
inbreedingina compositebreedafter50years(e.g.,10gen-
erations)wouldbe about5%. Further,a largenumberof
sires (Le.,15-20)of eachpurebreedcontributingto a com-
positebreedshouldbesampledinordertominimizetherate
of inbreedingin subsequentgenerationsof interS8 mating.
Becausesomeof thefoundationsiresusedfromeachcon-
tributingbreedarenotlikelyto leavesons,thegeneticbase
will likelybe reducedin thefirstgeneration.Inbreedingmay
be viewedas the "otherside of thecoin"to heterosisand
mustbe avoidedin orderto retainhighlevelsof heterozy-
gosity(heterosis)incompositebreeds.
The developmentof composite breeds may now be
viewedas a predictableprocedurewhencontributionsare
limitedto Bos taurusbreeds. However,becauseof the
dynamicnatureof the beefcattleindustry,characterization
of candidatebreedsis neededon a continuingbasis in a
range of productionenvironments. This informationis
neededto providethe basis for effectivechoicesof con-
tributingbreeds in orderto approachthe mostfavorable
additivegenetic(breed)compositionconsistentwiththerole
perceived for each composite. The most appropriate
source of this informationshouldbe recordsfromperlor-
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manceprogramsofbreedassociationsthatwillprovideesti-
matesof breedmeansfor majorbioeconomictraitson a
continuingbasis.
Heterosisincrossesof Bos indicusbreedswithBas tau-
rus breedsis considerablygreater(perhapstwo fold)than
crossesamongBos taurusbreeds. We do notbelievethat
resultsfromcompositepopulationswithcontributionslimited
to Bos taurusbreedsin regardto linearityof associationof
heterosiswithheterozygosityshouldbeextrapolatedtocom-
positebreedsthathavecontributionsfrombothBas taurus
and Bos indicusbreeds. Rather,we believethata large
scale, comprehensiveexperimentis neededto estimate
retentionof heterosisin advancedgenerationsof interS9
matedcompositepopulationswithcontributionsfromboth
Bos taurusandBos indicusbreeds.
SUMMARY
Rationale for Development of Composite Breeds
1. Heterosis (hybrid vigor) for major bioeconomic traits
including reproduction, calf survival, maternal ability,
growth rate and longevity of beef cattle is important.
Heterosis can be used to increase weight of calf
weaned per cow exposed to breeding by 20%.
2. Large differences exist among breeds of beef cattle for
major bioeconomic traits including growth rate and
size, composition of gain, milk production, dystocia,
(calving difficulty), age at puberty and climatic and
nutritiveadaptability.
3. About 55% of the cows in U.S. beef breeding herd are
in units of 100 or fewer cows. This involves about
93% of the farms and ranches that have beef cows.
4. Crossbreeding systems may be used to achieve high
levels of heterosis. However, optimum crossbreeding
systems are difficult to adapt in herds that use fewer
than four bulls.
5. Fluctuation in breed composition between generations
in rotation crossbreeding systems can result in con-
siderable variation among cows and calves in level of
performance for major bioeconomic traits unless
breeds used in the rotationare similar in performance
characteristics.
6. Use of breeds with similar performancecharacteristics
restricts the use that can be made of breed differ-
ences in average genetic meritfor bioeconomic traits.
This includes traits such as: (a) growth rate and size,
(b) carcass composition, (c) milk yield, and (d) age at
puberty.
7. Composite breeds offer opportunity to: (a) use high
levels of heterosis on a continuing basis if population
size in seedstock herds is sufficiently large to avoid
inbreeding, (b) achieve and maintain optimum
breed (additivegenetic) composition needed to match
performance characteristics of the composite breeds
to each of a wide range of production situations and
to different market requirements,and (c) achieve and
maintain uniform performance levels from one gener-
ation to the next.
Conclusions from Experimental Results
1. Generally, high levels of heterosis were observed for
growth rate, reproduction, and maternal traits includ-
ing milk production.
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2. Heterosisdifferedamongcompositepopulationsfor
somemajorbioeconomictraits. Resultssuggestthat
specificcrossheterosismaybe important,i.e.,levelof
heterosisfor some traits may vary amongspecific
breedcrosses.
3. Generally,retainedheterosisinadvancedgenerations
was equalto, or greater,thanexpectationbasedon
retainedheterozygosityin the threecompositepopu-
lations. Retainedheterosisfor reproductivetraitsdid
notdifferfromgeneticexpectationbasedon retained
heterozygosityin compositesMARC I and MARC II.
Therewas noheterosis(individualandmaternalcom-
bined)for fetal survivalin compositesMARC I and
MARCIL
4. Fetalsurvivalbetweenpregnancydiagnosisandcalv-
ingwaslessforcompositeMARC III thanfortheaver-
ageof contributingpurebreeds.For compositeMARC
III resultssuggestthat combinationsof genes with
favorable epistatic effects on fetal survival have
evolvedineithertheRed Poll or thePinzgauerbreed,
or possiblyin both,thatare distinctlydifferentfrom
thosethathaveevolvedinHereford,Angusortheother
breeds that contributedto compositesMARC I or
MARC II. The basis for this suggestionis thatthe
Herefordand Angus breedscontributedto all three
compositepopulations,whereas,the Red Poll and
PinzgauerbreedscontributedonlytocompositeMARC
III.
5. Resultssuggestthatalthoughthereis, generally,a
high relationshipbetweenretainedheterosis and
retainedheterozygositythe relationshipis not linear
for all situations;i.e., for some traits and in some
breed combinations, retained heterosis may be
greateror may be less than expectationbased on
retainedheterozygosity.
6. Eventhoughresultssuggestthatspecificcross het-
erosismaybeof someimportance,it is notfeasibleto
have estimates of F1 heterosis and of heterosis
retainedin advancedgenerationsof a largenumber
of specific breed combinationsin order to choose
breedsas contributorsto specificcompositepopula-
tions (breeds). Thus, use of averagevalues of F1
heterosisandof retainedheterosisin advancedgen-
erationsof interS9 matedcompositepopulationsis
suggested.
7. These results,generally,supportthe hypothesisthat
heterosisincattleis primarilyduetodominanceffects
of genes. Thus, heterosisin breedcrossescan be
accountedfor as recoveryof accumulatedinbreeding
depressionthathasoccurredinbreedssincetheirfor-
mation.
8. Estimatesofheritabilityandphenotypicstandarddevi-
ationsweresimilarfor parentalpurebreedscombined
and for compositepopulationscombinedfor most
bioeconomictraits. Thus, increasedgeneticvariation
thatmaybe expectedin compositepopulationsrela-
tivetocontributingpurebreedswasnotobserved.
9. Compositepopulations(breeds)offer an alternative
breedingsystemthat is generallycompetitivewith
crossbreedingfor using heterosisand is easier to
manageregardlessof sizeofherd.
10.Compositepopulations(breeds)offera procedurethat
is moreeffectivethancontinuouscrossbreedingfor
usinggeneticdifferencesamongbreedsto achieve
and maintainoptimumperformancelevelsfor major
bioeconomic traits on a continuing basis. This
includestraitssuch as: (a) growthrateandsize, (b)
compositionof gain, (c) milkproduction,(d) climatic
andnutritiveadaptability,and(e)ageatpuberty.
Forgreaterdetailsee:
1. Keith E. Gregory, L. V. Cundiff, and R. M. Koch.
1991. Breedeffectsand heterosisin advancedgen-
erations of compositepopulationsfor preweaning
traitsofbeefcattle.J. Anim.Sci.69:947.
2. Keith E. Gregory, L. V. Cundiff, and R. M. Koch.
1991. Breedeffectsandheterosisin advancedgen-
erationsof compositepopulationsfor growthtraitsin
bothsexesof beefcattle.J. Anim.Sci.69:3202.
3. KeithE. Gregory,D. D. Lunstra,L. V. Cundiff,andR.
M. Koch. 1991. Breed effects and heterosis in
advancedgenerationsof compositepopulationsfor
pubertyandscrotaltraitsof beefcattle. J. Anim.Sci.
69:2795.
4. Keith E. Gregory, L. V. Cundiff, and R. M. Koch.
1991. Breedeffectsand heterosisin advancedgen
birthweight,birthdate,dystocia,andsurvivalas traits
ofdaminbeefcattle.J. Anim.Sci.69:3574.
5. Keith E. Gregory, L. V. Cundiff, and R. M. Koch.
1992. Breedeffectsandheterosisin advancedgen-
erationsof compositepopulationsfor reproduction
and maternaltraits of beef cattle. J. Anim. Sci.
70:656.
6. Keith E. Gregory, L. V. Cundiff, and R. M. Koch.
1992. Breedeffectsand heterosisin advancedgen-
erationsof compositepopulationson actualweight,
adjustedweight,hip height,and conditionscore of
beefcows. J. Anim.Sci.70:1742.
7. Keith E. Gregory, L. V. Cundiff, and R. M. Koch.
1992. Effectsof breedandretainedheterosison milk
yieldand200-dayweightin advancedgenerationsof
compositepopulationsof beefcattle. J. Anim.Sci.
70:2366.
s Composije populations were established from same animals used in purebred foundation where C . Charolais,L . Limousin,H =Hereford,B =Braunvieh,A . Angus,G =Gelbvieh,
S . Simmental, P = Pinzgauer, and R . Red Poll.
b Retention of initial (F 1) heterozygosijy following crossing and subsequent random mating wijhin the crosses (ints, se) is proportional to 1 - ~P2i, where Pi is the fraction of each ofi
n breedsoontributingtothefoundationofa oompositepopulation.Lossof heterozygosijyoccursbetweentheFI andF2generations.If inbreedingis avoided,furtherlossof heterozy-
gosijydoesnoloccur.
c Hi denotesindividualheterosisexpressedbyprogenyofa givengenerationandHmdenotesmalernalheterosisexpressedbyIheirdamsassumingthatretentionofheterosisis
proportionaltoretentionof heterozygosijy.F2 progenyexpressthemalemalheterosis(Hm)oftheirFI dam.
d .94insteadof1 becausebothsiresanddamsof FI generationwereone-fourthLimousin.
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Table 1-Matlngs to establishcomposites,retentionof heterozygosityandexpectedretentionof heterosis
CompositePopulations
MARCI MARCil MARCIII Mean
Parentsof F1generations (C x LH) x (Bx LA) (GH)x (SA) (PA) x (RH)
OR OR OR
(C x LA) x (Bx LH) (GA)x (SH) (PA) x (HR)
Reciprocals Reciprocals
Breedcompositionof .25B,.25C,.25L .25G,.25S .25P..25R
F1 andsubsequent .125H,.125A .25H,.25A .25H,.25A
generations
F1 Heterozygosity" .94d 1 1 .98
F2 Heterozygosity .78 .75 .75
.76
F3 Heterozygosity .78 .75 .75 .76
Dam Progeny
Heterosisc F1 F2 .78H +.94Hm .75H!+1 Hm .75H!+1 Hm .76H!+.98Hm
Heterosis F2 F3 .78H +.78Hm .75H + .75Hm .75H + .75Hm .76H +.76Hm
Heterosis F3 F4 .78HI+.78Hm .75HI+ .75Hm .75HI+ .75Hm .76HI+.76Hm
- -- -- --
Table 2-Number of sires used and Individualsborn by birthyearand breedgroup
Number
Breed Number indiv. Yearofbirth
group sires born 1978 1979 1980 1981 1982 1983 19841985 1986 1987 19881989 19901991
RedPoll 51 1,322 47 129 109 114 110 109 109 88 80 84 84 87 87 85
Hereford 68 1,491 142 114 101 118 116 109 113 93 100 104 104 102 102 73
Angus 78 2,076 168 167 227 234 216 225 225 98 85 86 86 84 88 87
Umousin 56 1,478 86 127 117 115 117 121 107 99 106 98 105 96 104 80
8raunvieh 58 1,384 105 107 114 112 115 117 114 95 84 81 85 84 86 85
Pinzgauer 37 816 17 72 115 134 78 75 74 76 86 89
Gelbvieh 51 1,214 19 26 50 93 137 163 116 89 90 89 86 85 84 87
Simmental 67 1,410 145 117 111 110 116 113 111 90 88 80 82 82 84 81
Charolais 57 1,421 90 101 118 104 116 108 117 97 99 96 100 90 94 91
MARC I-F1 20 583 33 87 141 112 107 103
MARCI-F2 24 1,081 38 74 121 147 132 145 121 117 100 86
MARCI-F3 45 806 41 65 128 116 122 107 108 119
MARC I-F4 24 401 37 62 84 105 113
MARCII-F1 17 730 143 198 183 132 74
MARCII-F2 28 1,328 48 100 181 223 199 117 110 105 98 82 65
MARCII-F3 42 974 42 99 174 115 116 107 105 103 113
MARC II-F4 25 533 47 74 77 99 112 124
MARC III-F1 15 556 115 108 118 113 102
MARCIII-F2 24 925 42 70 129 174 144 112 100 85 69
MARCIII-F3 31 694 38 73 119 132 118 97 117
MARC III-F4 14 307 29 62 93 123
Table3-Heterozygosltyof differentmatingtypesandestimatedIncreaseIn
performanceasaresultofheterosis
Estimated
increase
inweight
weanedper
Heterozygosity cowexposecf'
Matingtype "10relativetoF1" ("10)
Purebreeds 0 0
Two-breedrotation 66.7 15.5
Three-breedrotation 85.7 20.0
Four-breedrotation 93.3 21.7
Two-breedcomposite:
F3 - 1/2A,1/28 50.0 11.6
F3 - 5/8A,3/88 46.9 10.9
F3 - 3/4A,1/48 37.5 8.7
Three-breedcomposite:
F3 -1/2A, 1/48,1/4C 62.5 14.6
F3 - 3/8A,3/88,1/4C 65.6 15.3
Four-breedcomposite:
F3 - 1/4A,1/48,1/4C,1/40 75.0 17.5
F3 - 3/8A,3/88,1/8C,1/80 68.8 16.0
F3 - 1/2A,1/48,1/8C,1/80 65.6 15.3
Five-breedcomposite:
F3 - 1/4A,1/48,1/4C,1/80,1/8E 78.1 18.2
F3 - 1/2A,1/88,1/8C,1/80,1/8E 68.8 16.0
Six-breedcomposite:
F3 - 1/4A,1/48,1/8C,1/80,1/8E,1/8F 81.3 18.9
Seven-breedcomposite:
F3 - 3/16A,3/168,1/8C,1/80,1/8E,1/8F,1/8G 85.2 19.8
Eight-breedcomposite:
F3 - 1/8A,1/88,1/8C,1/80,1/8E,1/8F,1/8G,1/8H 87.5 20.4
" Retentionof Initial(F1)heterozygosityaftercrossingandsubsequentrandom(intersB)matingwithinthecrossesis propor-
tionalto(n-1)1nwhenn breedscontributequallytothefoundation.WhenbreedsusedInthefoundationofa compose breed
n
do notcontributequally,percentageof meanF1 heterozygosityretainedIsproportionalto 1- p21.wherePI IsthetractionofI
eachot n contributingbreedstothetoundationofa compositebreed. This lossof heterozygos oa:ursbetweentheF1and
F2generations,andnInbreedingIsavoided,furtherlossofheterozygo In intersBmatedpopulationsdoesnotoa:ur.
b Basedon heterosiseffectsof 8.5 percentlor IndividualIre and 14.8percentlor maternalIra andassumptionthat
retentionotheterosisIsproportionaltoretentionofheterozygosity.
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Table4-Effects of heterosison growthtraits-females
Birth 200-day 368-day 368-day368-day
weight weight weight height condition
(Ib) (Ib) (Ib) (in) score"
Heterosis
MARC I
F1 minusPurebreds 5.3** 40.1** 64.6** .8** .8**
F2 minusPurebreds 5.7** 40.0** 57.3** .9** .5**
F3&4minusPurebreds 6.2** 40.0** 60.4** 1.1** .4**
ObservedminusExpectedb 2.0* 8.4* 9.9 .4** -.2*
MARC II
F1 minusPurebreds 2.4** 49.0** 56.9** .8** .8**
F2 minusPurebreds 5.3** 25.4** 44.1** .4** .5**
F3&4minusPurebreds 4.2** 31.5** 49.8** .6** .4**
ObservedminusExpectedb 2.4** -5.1 7.0 -.1 -.2*
MARC III
F1 minusPurebreds 3.7** 30.2** 50.3** .7** .4**
F2 minusPurebreds 3.7** 33.3** 52.7** .4** .5**
F3&4minusPurebreds 4.6** 25.8** 46.1** .5** .4**
ObservedminusExpectedb 1.8 3.1 8.4 .0 .1
MeanHeterosis
AllComposites
F1 minusPurebreds 4.0** 39.7** 57.3** .8** .7**
F2 minusPurebreds 4.8** 32.6** 51.4** .6** .5**
F3&4minusPurebreds 5.1** 32.4** 52.0** .7** .4**
ObservedminusExpectedb 2.0** 2.2 8.4* .1 -.1
" 9 - highest,1- lowest.
bLinearcontrastsofobservedandexpectedheterosistotesthypothesisthatretainedheterosisi proportionaltoretained
heterozygosity.
* P<.05.
**p<.01.
Table5-Effects ofheterosisongrowthtraits- males
Birth 200-day 368-day 368-day368-day 368-day
weight weight weight height condition muscling
(Ib) (Ib) (Ib) (in) score" score"
Heterosis
MARC I
F1 minusPurebreds 2.2* 32.8** 58.2** .7** .4** .10
F2 minusPurebreds 4.2** 34.8** 51.8** .7** .2** .02
F3&4minusPurebreds 4.4** 31.5** 34.4** .6** .1- .08
ObservedminusExpectedb 2.6* 6.0* -11.0 .1 -.2* -.16
MARC II
F1minusPurebreds 3.3** 65.3** 75.0** 1.3** .4** .00
F2minusPurebreds 6.2** 29.1** 54.7** .5** .5** .04
F3&4minusPurebreds 5.5** 37.7** 71.7** .8** .4** -.01
ObservedminusExpectedb 3.1** -11.2** 15.4* -.1 .1* -.02
MARC III
F1minusPurebreds 4.0** 37.0** 57.6** .9** .4** .27**
F2minusPurebreds 4.6** 38.4** 69.2** .7** .4** .08
F3&4minusPurebreds 5.1** 32.2** 73.2** .7** .2 .14
ObservedminusExpectedb 2.2 4.2 30.0** .0 -.2 -.06
MeanHeterosis
AllComposites
F1minusPurebreds 3.1** 45.0** 63.5** .9** .4** .12
F2minusPurebreds 5.1** 34.2** 58.6** .6** .4** .04
F3&4minusPurebreds 5.1** 33.7** 59.8** .7** .2** .02
ObservedminusExpectedb 2.6** -.4 11.5* .0 -.1 -.07
" 9 - highest,1- lowest.
bLinearcontrastsofobservedandexpectedheterosistotesthypothesisthatretainedheterosisi proportionaltoretained
heterozygosity.
* p<.05.
**p< .01.
15
16
Table6-Effects of heterosison pubertytraitsof femalesandscrotalcircumferenceof males
Puberty
368 410 452 Adjusted Adjusted Scrotal
days days days age" weight" circumference
(%) (%) (%) (days) (Ib) (cm)
Heterosis
MARC I
F1 minus Purebreds 24.2** 23.6** 10.8** -22** 22** .9**
F2 minus Purebreds 22.5** 23.9** 10.2** -22** 20** 1.1**
F3&4 minus Purebredsb 19.5** 21.3** 6.1** -21** 18** 1.4**
ObservedminusExpectedC .6 2.7 -2.3 4 0 .7*
MARCil
F1 minusPurebreds 29.4** 26.0** 4.3* -20** 22** 1.6**
F2 minusPurebreds 22.2** 20.0** 4.1* -19** 15** 1.0**
F3&4minusPurebredsb 19.9** 17.7** 2.0 -20** 15** 1.3**
ObservedminusExpectedC -2.1 -1.8 -1.2 5 0 .1
MARC III
F1 minusPurebreds 24.3** 21.7** 7.6** -20** 15** 1.5**
F2 minusPurebreds 15.7** 14.5** 2.6 -13** 29** .7**
F3&4minusPurebredsb 10.0** 9.5** 1.9 -11** 29** .7**
ObservedminusExpectedC -8.3 -6.8 -3.8 -4 18 -.4
MeanHeterosis
AllComposites
F1 minusPurebreds 26.0** 23.8** 7.5** -21** 20** 1.3**
F2 minusPurebreds 20.2** 19.5** 5.6** -18** 22** .9**
F3&4minusPurebredsb 16.5** 16.1** 3.3* -17** 20** 1.1**
ObservedminusExpectedC -3.3 -2.0 -2.4 1 4 .1
· Adjustedto 100%pubertybasis.
b F4 generationforscrotalcircumferenceonly.
C Linearcontrastsofobservedandexpectedheterosistotesthypothesisthairetainedheterosisi proportional10retainedheterozygosity.
* P <.05.
** P<.OI.
Table7-Effects of heterosison birthand survivaltraitsof dam-all ages
Birth Birth Calving Survival
weight date difficulty Birth 72hrs Weaning
(Ib) (Julian) (%) (%) (%) (%)
Heterosis
MARCI
F1 minusPurebreds. 6.0** -2.3** 4 -.9 .0 1.2
F2 & F3 minusPurebreds. 6.0** -2.4** 1.6 .3 .5 2.5
ObservedminusExpectedb .4 .3 1.2 .5 - 1.4
MARCil
F1minusPurebreds. 5.7** -2.7** 1.4.6 .6 1.8
F2&F3minusPurebreds. 5.7** -1.8** 3.3* .7 .9 2.6*
ObservedminusExpectedb .9 -.5 2.1 2 .4 1.0
MARCIII
F1minusPurebreds. 4.2** -1.8** 3.2* 1.2 2.3* 3.3**
F2&F3minusPurebreds. 4.4** -2.7** .4.3 1.0 .1
ObservedminusExpectedb .9 1.2 -2.4 -.7 -1.0 -2.7
MeanHeterosis
AllComDosites
F1minusPurebreds. 5.3** -2.3** -.5 .3 1.0 2.1**
F2&F3minusPurebreds. 5.3** -2.3** .5 .4 .8 1.7
ObservedminusExpectedb .7 .3 1.9 .1 -.1 .1·FI generationfemalesproducingF2generationprogenyandcombinedF2 & F3generationfemalesproducingF3 & F4 generationprogeny.
b Linearcontrastsofobservedandexpectedheterosistotesthypothesisthatretainedheterosisis proportionaltoretainedheterozygosity.
* P <.05.
** P <.01.
--
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Table&-Effects of heterosison reproductionandmaternaltraits-all ages
200day
calfwtJ
Calfcrop Calfcrop female 200day
Pregnant born weaned exposed calfwt
(%) (%) (%) (Ib) (Ib)
Heterosis
MARC I
F1 minusPurebreds. 7.5** 7.9** 7.8** 65** 36**
F2 & F3 minusPurebreds. 7.3** 6.4** 6.6** 60** 37**
ObservedminusExpectedb .8 -.5 -.2 4 5
MARCII
F1minusPurebreds. 3.6** 4.0** 5.0* 45** 28**
F2&F3minusPurebreds. 1.0 1.2 2.2 40** 40**
ObservedminusExpectedb -1.9 -2.0 -1.8 4 16**
MARCIII
F1minusPurebreds. 5.5** 4.2** 6.2** 56** 36**
F2&F3minusPurebreds. 1.9 -2.6 -2.5 9 31**
ObservedminusExpectedb -2.6 -6.0* -7.5** -36**
MeanHeterosis
AllComposites
F1 minusPurebreds. 5.5** 5.4** 6.3** 55** 33**
F2 & F3 minusPurebreds. 3.4** 1.7 2.1 37** 36**
ObservedminusExpectedb -1.2 -2.8* -3.1* -9 7**
·F1 generation females producing F2 generation progeny and combined F2 & F3 generation females producing F3 & F4 generation progeny.
bUnearcontrastsofobservedandexpectedheterosistotesthypothesisthatretainedheterosisi proportionaltoretainedheterozygosity.
+P<.fO.
.P<.05.
..P<.01.
Table9-Breed group meansfor percentagecalf crop born basedon femalespalpatedpregnant
Five
Two ormore
years years All
Number old Number old Number ages
Overallmean 4,744 96.2 5,153 96.4 16,820 96.3
Red Poll 305 95.1 338 96.1 1,127 93.9
Hereford 260 97.2 461 98.1 1,200 96.7
Angus 476 96.8 601 96.3 1,736 95.8
Limousin 254 97.1 422 99.1 1,207 98.1
Braunvieh 316 96.8 338 97.6 1,130 96.9
Pinzgauer 285 97.2 94 96.6 759 97.0
Gelbvieh 344 97.2 185 96.7 941 97.6
Simmental 344 98.6 297 96.6 1,110 97.3
Charolais 306 93.0 330 98.8 1,173 97.1
Parentalbreedmean 96.6 97.3 96.7
0.05. 4.9 4.2 5.0
MARC I F b 175 96.0 523 99.1 1,070 97.81 b
F2&F3 394 96.8 145 97.2 946 96.3
MARCil F1b b 242 96.5 640 97.3 1,369 97.5
F2&F3 461 96.0 273 96.8 1,282 97.0
MARC III F1b b 202 96.6 440 93.6 989 94.6
F2&F3 380 91.5 66 85.6 781 90.7
0.05" 5.4 4.7 5.5.
b D.OSistheapproximatedifferencebetweenmeansofparentalbreedsrequiredforsignificance.
" F1 generation females producing F2 generation progeny and combined F2 & F3 generation females producing F3 & F4 generation progeny.
D.05is theapproximatedifferencebetweenmeansofallbreedgroupsrequiredforsignificance.
--
Table10-Effectsofheterosisonpercentagecalfcropbornbasedonfemalespalpatedpregnant
Five
ormore
years
old
Two
years
old
All
ages
Heterosis
MARC I
F1 minusPurebreds'
F2 & F3 minusPurebreds'
ObservedminusExpected
MARCil
F1 minus Purebreds'
F2 & F3 minus Purebreds'
Observed minus Expected
MARC III
F1 minus Purebreds'
F2 & F3 minus Purebreds'
Observed minus Expected
Mean Heterosis
All Composites
F1 minus Purebreds'
F2 & F3 minus Purebreds'
Observed minus Expected
a F1generationfemalesproducingF2generationprogenyandF2 & F3generationfemalesproducingF3 & F4 generationprogeny.
b Linearcontrastsofobservedandexpectedheterosis10testhypo1hesis1hatretainedheterosisis proportionaltoretainedheterozygosi1y.
+ P< .10.
. P < .05.
.. P< .01.
Table 11-Effectsof heterosisonweight,heightandconditionscore-twothrough
sevenor moreyearsold with compositegenerationscombined
Aaual A~u~ed
weight weight" Height Condition
(Ib) (Ib) (in) scareb
Linear contrasts
Heterosis
MARC I
F1' F2 & F3
minuspurebreds 46** 34** .4** .4**
MARCil
F1' F2 & F3
minuspurebreds 20** 12** .2* .2**
MARC III
F1' F2 & F3
minuspurebreds
Mean heterosis
All composites
.Adjusted10a commoncondnionscore.
b 9 _ highest,1 _ lowest
. P< .05.
.. P <.01.
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0 1.0 .7
.8 -1.0 -.8
.8 -1.9 -1.4
-1.0 .3 .7
-1.4 -.2 .1
-.6 -.4 -.5
0 -3.2** -1.3
-5.1** -11.2** -5.1**
-5.1** -8.6** -4.0**
-.3 -.6 0
-1.9* -4.1** -2.0**
-1.6+ -3.6** -2.0**
61** 45** .4** .3**
42** 30** .3** .3**
19
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Table 12-Effects of retained heterosis on milk yield and 20o-day weight of progeny
Estimated 200-day Adjusted
12-hour 200-day weight 200-day
milk milk of weight
yield yield progeny of progenya
(Ib) (Ib) (Ib) (Ib)
Linear contrasts
Heterosis
MARC Ibminus purebreds 1.78** 719** 36** 14*
Percent heterosis 17.1 16.7 7.3 2.7
MARC libminus purebreds 1.25** 504** 41** 22**
Percent heterosis 12.1 11.9 8.2 4.7
MARC IIIbminus purebreds 1.40** 499** 26** 7
Percent heterosis 14.2 12.1 5.1 1.5
Mean heterosis
All composites
Compositesbminus purebreds 1.48** 574** 34** 14*
Percent heterosis 14.5 13.6 6.9 3.0
a Adjustedtoacommonestimatedmilkyield.
b F2generationfemalesnursingF3generationprogeny.
. P<.05.
..P<.Ot.
